SOLID OXIDE FUEL CELL HAVING 
PEROVSKITE SOLID ELECTROLYTES 

RACKGROIJND OF THE INVENTION 
5 1. Field of the Invention 

The present invention relates to a solid oxide fuel cell (SOFC) using 
a perovskite solid electrolyte. 

2. Description of the Related Art 
10 Generally, an SOFC is constituted of an air electrode (cathode), a 

fuel electrode (anode), and a solid oxide electrolyte provided between these 
two electrodes. Since a high-temperature condition is required to enable 
the solid oxide electrolyte to exhibit ion conductivity, the SOFC is operated 
at a high temperature of around 1000 °C or above. However, such a high 
1 15 temperature operational condition results in difficulties in securing 
operational stability and reliability for the SOFC. In addition, since 
materials to be used as peripheral parts must also have high-temperature 
resistance, material costs have been high. Due these circumstances, 
studies have been conducted into the development of a material, especially a 
solid oxide electrolytic material, to operate the SOFC at a much lower 
temperature. 

A recently reported LaGa-based perovskite solid electrolyte 
represented by a composition formula of La 1 . x Sr x Ga 1 . y Mg y 0 3 . d (T. Ishihara et 
al ; J. Am. Chem. Soc, 116,3801-3803 (1994)) exhibits excellent oxygen ion 
25 conductivity at a low temperature, and therefore has attracted attention as 
an electrolytic material effective for achieving low-temperature operability 
of the SOFC. Japanese Laid Open Patent Publication Hei 9 -161824 
( published in 1997) discloses an SOFC using a LaGa-based electrolyte, both 
a fuel and an air electrode suitable for the SOFC, and a method for 
30 fabricating the SOFC. 

SUMMARY OF THE TNVKNTTON 
The LaGa-based perovskite solid electrolyte exhibits high oxygen ion 
conduction of the SOFC at low operation temperature, however the LaGa- 
35 based perovskite solid electrolyte transmits not only oxygen ions (O 2 ") but 
also holes (h + ). In other words, the electrolyte exhibits mixed conductivity. 



11 io 



0 



i 



Thus, the oxygen ion transport number is only about 90 % at 600 °C. In 
this case, reaction shown below occurs between the perovskite solid 
electrolyte and the respective electrodes: 

[Between air electrode and solid electrolyte] 
5 0 2 +2Vo+2e- <^ 20o x +2h + ... (£-1) 

[Between fuel electrode and solid electrolyte] 
Oo x +H 2 o H 2 0+Vo+2e* ... (f-2a) 
H 2 0+Vo+2e+2h- ^ H 2 0+Vo ... (f~2b) 
Here, Vo represents oxygen holes in the perovskite solid electrolyte; 
10 Oo x is oxygen ion fitted into the oxygen holes; e" is electrons; and h + is holes. 
These representations are based on Kroger- Vink defect symbolic method. 

As shown in the formula (f — 1), between the porous air electrode and 
the solid electrolyte, oxygen (0 2 ) is supplied and electrons (e~) generated at 
the fuel electrode are supplied through an external circuit. The oxygen 
5 fits into the oxygen holes (Vb) of the solid electrolyte to become Oo x and 
simultaneously generates a hole (h + ). Oo x moves as an oxygen ion (O 2 *) 
from the air electrode side to the fuel electrode side of the solid electrolyte 
via the oxygen holes Vo. Following this movement of the oxygen ion (O 2 ), 
the oxygen hole (Vo) is moved from the fuel electrode side to the air electrode 
0 side. In addition, in cases where the solid electrolyte exhibits mixed 

conductivity, holes (h + ) generated at the air electrode side are also supplied 
through the solid electrolyte to the fuel electrode side. 

On the other hand, as shown in the formula (f— 2a), hydrogen (H 2 ) is 
supplied between the porous fuel electrode and the solid electrolyte. 
25 Oxygen ions (O 2 *), i-©-, Oo x , are supplied from the air electrode side through 
the solid electrolyte, and then oxygen holes (Vo) and electrons (e ) with water 
(H 2 0) . 

However, as shown in the formula (f — 2b), in cases where the solid 
electrolyte exhibits mixed conductivity, since holes (h + ) generated at the air 
30 electrode side also moves through the solid electrolyte to the fuel electrode 
side, electrons (e*) generated at the fuel electrode side causes pair 
annihilation with the hole (h + ). Consequently, electrons (e") cannot be 
taken out into the external circuit, deteriorating the output efficiency of the 
SOFC. 

35 Furthermore, the perovskite solid electrolyte may exhibit not only 

hole conductivity but also proton (H + ) and electron (e ) conductivity. If the 
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perovskite solid electrolyte exhibits proton(H + ) conductivity, the proton 
causes pair annihilation with the Oxygen ions (O 2 ') generated at the air 
electrode side, thus deteriorating the output efficiency of the SOFC. 

Also, when the SOFC having the solid electrolyte that exhibits 
5 mixed conduction operates, not only carrier contributing to electric power 
generation but also other carriers not contributing to electric power 
generation move between electrodes. Therefore an OCV (Open Circuit 
Voltage) of the SOFC is decreasing and the output power of the SOFC is 
deteriorating. 

10 If the OCV of the SOFC in which oxygen ion transport number of the 

solid electrolyte is 100% is taken as E0, the E m o ( i.e.OCV ) of an SOFC 
having the solid electrolyte which exhibits mixed conduction is expressed in 
£ the formula below. 

3 E m o = t m o- -E0 (f-3) 

'* ? 5 Since the oxygen ion transport number: t m o- of the solid electrolyte 

B which exhibits mixed conduction is less than 100% (i.e. t m o- < 100%), the 
[J following equation is obtained. 
!i E m o < E0 

When a load connects to the SOFC and the electric current which 
P ) has current density J is provided to the load, E m (J) which is the voltage 
t between terminals of the SOFC is expressed in the formula below if the 

resistance to oxygen ion conduction per unit area of the solid electrolyte is 
^ taken as Rmo-. 

E m (J)= E m o -J- Rmo- (f-4) 
25 If am and Lm represent conductivity of the solid electrolyte and the 

thickness thereof respectively, Rmo- is expressed in the formula below. 
Rmo- = Lm / (t m o- • am) 
Therefore the formula (f — 4) is written to the formula (f — 5) below. 
E m ( J)= t m o- • E0 - J • Lm/(t m o • am) (f- 5) 
30 According to the formula (f— 5), the more the oxygen ion transport 

number: t m o- increases, the more output power of the SOFC is taken. 

An object of the present invention is to improve the output efficiency 
of an SOFC by preventing the mixed conduction of the solid electrolyte and 
by improving the effective transport number of oxygen ions in the SOFC 
35 using perovskite solid electrolyte operated at a low temperature. 

In order to achieve this object, a first aspect of a solid oxide fuel cell 
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of the present invention is that a second solid electrolyte layer is provided 
between a first perovskite solid electrolyte layer and an air electrode. The 
second solid electrolyte layer has a smaller ratio of conduction by means of 
holes (i.e., a hole transport number) and higher ratio of conduction by means 
5 of oxygen ions (i.e., a oxygen ion transport number) of the conductive 

carriers of electrolyte such as ions, electrons, and holes than that of the first 
solid electrolyte layer under the operational condition of the solid oxide fuel 
cell. 

A second aspect of the solid oxide fuel cell of the present invention is 
that a third solid electrolyte layer is provided between a first perovskite 
solid electrolyte layer and a fuel electrode. The third solid electrolyte layer 
has a smaller ratio of conduction by means of electrons and protons 
including hydrogen ions (i.e., transport numbers of electrons and protons) 
and higher ratio of conduction by means of oxygen ions (i.e. a oxygen ion 
5 transport number) of the conductive carriers of electrolyte such as ions, 
electrons, and holes than that of the first solid electrolyte layer under the 
operational condition of the solid oxide fuel cell. 

A third aspect of the solid oxide fuel cell of the present invention is 
that a second solid electrolyte layer is provided between a first solid 

10 perovskite electrolyte layer and an air electrode, and a third solid electrolyte 
layer is provided between the first solid electrolyte layer and a fuel electrode. 
The second solid electrolyte layer has a smaller ratio of conduction by holes 
(i.e. hole transport number) and higher ratio of conduction by means of 
oxygen ions (i.e. oxygen ion transport number) of the conductive carriers of 

25 electrolyte such as oxygen ions, electrons, holes, and hydrogen ions than 
that of the first solid electrolyte layer, and the third solid electrolyte layer 
has a smaller ratio of conduction by electrons and protons including 
hydrogen ions (i.e. transport numbers of electrons and proton) and higher 
ratio of conduction by means of oxygen ions (i.e. oxygen ion transport 

30 number) of the conductive carriers of electrolyte such as ions, electrons, and 
holes than that of the first solid electrolyte layer under the operational 
condition of the solid oxide fuel cell. 

According to each of the solid oxide fuel cells having the first to third 
aspects, even if the first perovskite solid electrolyte layer exhibits mixed 

35 conductivity, the presence of the second or third solid electrolyte layer with 
low hole, electron or proton conductivity and high oxygen ion conductivity 
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provided between each electrode and the first solid electrolyte layer, 
suppresses the mixed conductivity of the entire solid electrolyte, making it 
possible to increase the substantial transport number of oxygen ions. An 
increase in polarization resistance between the electrodes caused by the 
5 reaction of the formula (f — 2b) or the conduction of electrons/protons can be 
also suppressed. Accordingly, the output efficiency of the SOFC is 
improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 
10 FIG. 1A is a sectional view showing the structure of an SOFC 

according to the first embodiment of the present invention. 

FIG. IB is a conceptual view showing the movement of conductive 
carriers and the presence of resistance in a solid electrolyte according to the 
first embodiment of the present invention. 
5 FIG. 2 is a graph showing between J (load electric current density of 

an SOFC) and E (voltage between electrodes of an SOFC), wherein Ep(J) 
represents the voltages between electrodes for an SOFC having only first 
solid electrolyte and Ec(J) represents the voltages between electrodes for 
an SOFC with first and second solid electrolytes. 
0 FIG. 3A is a sectional view showing the structure of an SOFC 

according to the second embodiment of the present invention. 

FIG. 3B is a conceptual view showing the movement of conductive 
carriers and the presence of resistance in a solid electrolyte according to the 
second embodiment of the present invention. 
25 FIG. 4A is a sectional view showing the structure of an SOFC 

according to the third embodiment of the present invention. 

FIG. 4B is a conceptual view showing the movement of conductive 
carriers and the presence of resistance in a solid electrolyte according to the 
third embodiment of the present invention. 
30 FIG. 5 is a table showing oxygen ion conductivity and the oxygen ion 

transport number of the solid electrolyte layer in an SOFC in each of 
Examples la to 5b of the present invention. 

DETAILED DESCRIPTION OF THE E MBODIMENTS 
35 (First Embodiment) 

The SOFC of the first embodiment of the present invention has a 
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structure where a second solid electrolyte layer having a low ratio of hole 
conduction (i.e. hole transport number) and a high ratio of oxygen ion 
conduction (i.e. oxygen ion transport number) at an operational temperature 
is provided between an air electrode and a perovskite solid electrolyte layer. 
5 In other words, the SOFC of the first embodiment is characterized by the 
use of a laminated solid electrolyte having a perovskite solid electrolyte 
layer and a solid electrolyte layer of a small hole transport number 
laminated thereon. 

FIG. 1A shows the SOFC according to the first embodiment of the 
1 0 present invention. As shown, the SOFC of the first embodiment comprises 
a perovskite solid electrolyte layer 2 as a first solid electrolyte layer; a fuel 
electrode 4 formed on one surface of the first solid electrolyte layer; and an 
K air electrode 3 formed on the opposite side thereof; with a second solid 
03 electrolyte layer 5 having a small hole transport number and a high oxygen 
f\ 5 ion transport number provided between the first solid electrolyte layer 2 and 
H the air electrode 3. 

J In the case described here, for the first solid electrolyte layer 2, an 

T LaGa-based perovskite compound, especially one having a composition 
0 formula of C (La^Ln^) (Ga^B,) (O^ 0Mx+y+z) )) , exhibiting high oxygen 
f 2 20 ion conductivity at a low temperature, should preferably be used. Here, 
U preferably, Ln is one or more kind of elements selected from lanthanoide 
f ; ' elements Yb, Gd, Sm, Nd and Y ; A is an one or more kinds of element 
' selected from Sr, Ba, Ca, and so on; and B is an element of one or two kinds, 

selected from Mg, Zn, and so on. In addition, x should preferably be set in 
25 a range of 0.05 to 0.15 ; y in a range of 0.05 to 0.15 ; and z in a range of 0.05 
or more to 0.25 or less. 

For the second solid electrolyte layer 5, stabilized zirconia or a ceria 
based oxide can be used. For example, YSZ prepared by adding yttria 
(Y203) to zirconia (Zr02) or CSZ prepared by adding calcia (CaO) to 
30 zirconia can be used. Other than these, stabilized zirconia prepared by 
adding such an oxide as samarium (Sm), scandium (Sc) or the like to 
zirconia can be used. Two or more kinds of oxides may be added to zirconia. 
As the ceria-based oxide, for example, SDC represented by (Ce02) loc 
(M01.5) x can be used. Here, M is a rare earth element or Ca, and x should 
35 preferably be set in a range of 0.1 to 0.3. 

Preferably, the operation temperature of the SOFC should be fixed 
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e.g. at about 600 °C or less, to enable metallic material to be used as 
peripheral material of the SOFC. Under such operational conditions, since 
the second solid electrolyte layer 5 is made of a material having a lower 
ratio of hole conduction, i.e., a smaller hole transport number, compared 

5 with that of the first solid electrolyte layer 2, the movement of a hole (h + ) 
generated between the air electrode and the solid electrolyte layer is 
suppressed by the second solid electrolyte layer 5. Thus, as shown in FIG. 
IB, mixed conductivity in the entire laminated solid electrolyte is 
suppressed, causing oxygen ions O 2 ' passed through oxygen holes Vo to be 
10 the main conductive carriers. In other words, conduction between the 
electrodes of conductive carriers other than oxygen ions are suppressed, 
enabling a substantial improvement in the oxygen ion transport number of 
the entire laminated solid electrolyte composed of the first and second solid 
electrolytes to be made. As a result, pair annihilation between electrons (e* 

5 ) and holes (h + ) as represented by a formula (f— 2b) and generated at the 
fuel electrode side can be prevented. Accordingly, the reduction in the 
output efficiency of the SOFC caused by such pair annihilation can be 
avoided. 

However, if the second solid electrolyte layer 5 is too thick, the 
SO resistance to oxygen ion conduction of the entire laminated solid electrolyte 
is increased and the substantial conductivity of oxygen ions is lowered. A 
reduction in the amount of the oxygen ion conduct deteriorates the output 
efficiency of the SOFC. It is therefore preferred that the thickness of the 
second solid electrolyte layer 5 should be fixed at such a level as to ensure 
25 lower resistance to oxygen ion conduction compared at least, with the first 
solid electrolyte layer 2. If the resistance of a single first solid electrolyte 
layer 2 to oxygen ion conduction per unit area is taken as Rp(o), and 
resistance of a single second solid electrolyte layer 5 to oxygen ion 
conduction per unit area is taken as Rc(o), the formula (fl — 1) below should 
30 preferably be satisfied: 

Rp(o)>Rc(o) ... (fl~l) 

Rp(o) and Rc(o) are represented respectively by the equations below: 
Rp(o) = Lp/ (tpo • op) 
Rc(o) = Lc/ (tco • ac) 
35 Here, Lp: thickness of first solid electrolyte layer 

op: oxygen ion conductivity of first solid electrolyte layer 
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tpo: oxygen ion transport number of first solid electrolyte layer 
Lc: thickness of second solid electrolyte layer 
ac: oxygen ion conductivity of second solid electrolyte layer 
tco: oxygen ion transport number of second solid electrolyte layer 
Thus, (fl - 1) can be rewritten into the formula (fl -2) below: 
Lp/(tpo • op) > Lc/(tco • ac) . . . (fl - 2) 

Further, to ensure increased output efficiency compared with 
conventional SOFCs (which use only the first solid electrolyte layer), each 
thickness should preferably be adjusted in such a way as to fix the voltage- 
drop for the oxygen ion conduction of electrolytes, which caused by providing 
a second solid electrolyte 5 between a first solid electrolyte2 and an air 
electrode3, at a level lower than the OCV-drop caused by the suppression of 
the mixed conduction. 

Here, if Ep(J) , Ec(J) and Eo represent the followings respectively: 
Ep(J) : voltage between electrodes for the SOFC having only 
the first solid eletrolyte when load current density J is provided; 

Ec(J) : voltage between electrodes for the SOFC having the 
first and second solid eletrolytes when the load current density J is 
provided; 

EO : theoretical value of OCV for the SOFC 
According to the formula (f- 5), Ep(J) , Ec(J) are expressed by the 
following formula (fl-3), (fl~4) respectively: 

Ep(J)= tpo • EO - J * Lp/(tpo • op) . . . (fl - 3) 
Ec(J)= tco ♦ EO - J • (Lp/(tpo • op) + Lc/(tco • ac) ). . . (fl - 4) 
Therefore the formula below should be satisfied: 
Ep(J) < Ec(J) 

tpo • EO - J • Lp/(tpo ♦ op) < tco • EO - J • (Lp/(tpo • op) + Lc/(tco • ac) ) 

J • (Lp/(tpo • op) + Lc/(tco • ac) ) - J • Lp/(tpo • op) < tco • EO - tpo • EO 

J • Lc/(tco ♦ ac) < (tco - tpo ) • EO 

Consequently the formula (fl — 5) is obtained. 

Lc<tco*ac • (tco-tpo)'EO/ J ... (fl-5) 

According to the formula (fl-5), Lc which represents the thickness 
of the second solid electrolyte provided between the first solid electrolyte 
and the air electrode does not depend on the thickness of the first solid 
electrolyte but depends on the value of J (i.e. load current density). FIG.2 
shows Ep(J) and Ec(J) depended on the value of J. Each SOFC has own 
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values of J. If the value of J is fixed at the level of Jmax that provides the 
max output power of an SOFC, the second solid electrolyte exhibits 
usefulness for improving the output power of the SOFC. On the other hand, 
if the value of E is lower than the max output power of the SOFC, the value 

5 of J in the formula (f 1 - 5) is less than the Jmax. However, as shown in 

FIG.2, if the thickness of the second solid electrolyte (Lc) is fixed at the level 
to satisfy the formula (fl-5), improvement of the output power of the SOFC 
is ensured by adding the second solid electrolyte between the first solid 
electrolyte and the air electrode. 

10 For example, If La 0 . 75 Nd 0 . 15 Sr 01 Ga 0 . 8 Mg 0 . 2 O3. d having a thickness of 5 

jim is used for the first solid electrolyte layer 2 and YSZ is used for the 
second solid electrolyte layer 5 and this SOFC is operated with load current 
density of lA/cm 2 at 600*0, the total conductivity and the oxygen ion 
transport number of the first solid electrolyte layer 2 are about 0.018 S/cm 
5 and about 91% respectively and the total conductivity and the oxygen ion 
transport number of the second solid electrolyte layer 5 are about 0.003 
S/cm and about 100% respectively. Thus, considering the foregoing formula, 
a thickness of the second solid electrolyte layer 5 should preferably be set 
about 2.7 [Am or less. 

50 Next, a method for fabricating the SOFC of the first embodiment 

described above will be described. The first solid electrolyte layer 2 made 
of LaGa-based perovskite solid electrolyte can be formed using a sintering 
method. Specifically, a raw material is mixed with a solvent and ground 
with a ball mill. After drying, the material is put into a metallic mold and 

25 pressed, and then sintered at about 1300 °C to 1500 °C. The YSZ for the 
second solid electrolyte layer 5 may be deposited onto one surface of the first 
solid electrolyte layer 2 using one of various methods including RF 
sputtering, CVD, printing, and so on. Further, a porous and conductive air 
electrode with oxidation resistance is provided on the upper surface of the 

30 second solid electrolyte layer 5 using a method such as RF sputtering, 

printing or the like. A similarly porous and conductive fuel electrode with 
reduction resistance is provided onto the other surface of the first solid 
electrolyte layer 2 not having had second solid electrolyte layer 5 formed 
thereon. For the air electrode and the fuel electrode, materials such as 

35 Pt/Ag or the like can be used. 

Sintering is not the only method which can be used to form the first 
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solid electrolyte layer 2 made of LaGa-based perovskite solid electrolyte. 
Various other methods including sputtering > CVD, printing, and so on, are 
possible. Regarding the order of formation, the second solid electrolyte 
layer 5 may be formed onto the solid electrolyte layer 2 made of a perovskite 
5 compound. Alternatively, the second solid electrolyte layer may be formed 
onto the air electrode 3, and then the first solid electrolyte (perovskite 
compound) may be formed thereon. 

(Second Embodiment) 

10 The SOFC of the second embodiment has a structure where a third 

solid electrolyte layer having a low ratio of electron conduction (i.e. electron 
transport number) and proton (mainly H + ) conduction (i.e. proton transport 
number) and higher ratio of conduction by means of oxygen ions (i.e. oxygen 
ion transport number) is provided between the fuel electrode and the first 
> solid electrolyte layer. In other words, the SOFC of the second embodiment 
is characterized by the use of a laminated solid electrolyte in which the 
perovskite solid electrolyte layer and the solid electrolyte layer (having low 
electron and proton transport numbers and high oxygen ion transport 
number) are laminated. 
;0 FIG. 3A shows the SOFC of the second embodiment of the present 

invention. As shown in FIG. 3A ? the SOFC of the second embodiment 
comprises a perovskite solid electrolyte layer as a first solid electrolyte layer 
2; an air electrode 3 formed on one surface of the first solid electrolyte layer; 
a fuel electrode 4 formed on the opposite side thereof; with a third solid 

25 electrolyte layer 6 having low electron and proton transport numbers and 
high oxygen ion transport number provided between the first solid 
electrolyte layer 2 and the fuel electrode 4. 

In the case described here, for the first solid electrolyte layer 2, as 
with the SOFC of the first embodiment, an LaGa-based perovskite 

30 compound can be used. For the third solid electrolyte layer 6, stabilized 

zirconia or a ceria-based oxide can be used. For example, YSZ prepared by 
adding yttria (Y203) to zirconia (Zr02) or CSZ prepared by adding calcia 
(CaO) to zirconia can be used. Other than these, stabilized zirconia 
prepared by adding such an oxide as samarium (Sm), scandium (Sc) or the 

35 like to zirconia can be used. Two or more kinds of oxides may be added to 
zirconia. As the ceria-based oxide, for example, SDC represented by 
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(Ce02)l-x(MOl.5)x can be used. Here, M is a rare earth element or Ca, 
and x should preferably be set in a range of 0.1 to 0.3. 

Preferably, the operation temperature of the SOFC should be fixed 
e.g. at about 600 °C or lower, to use metallic material as a peripheral 
5 material of the SOFC. Under such operational conditions, since the third 
solid electrolyte layer 6 is made of a material having lower electron and 
proton transport numbers compared with those of the first solid electrolyte 
layer 2, the movement of electrons (e") generated between the fuel electrode 
4 and the third solid electrolyte layer 6, and the conduction of hydrogen ions 
10 (HP) supplied to the fuel electrode 4 are suppressed by the third solid 

electrolyte layer 6. Thus, as shown in FIG. 3B, mixed conductivity of the 
entire laminated solid electrolyte is suppressed, and an oxygen ion O 2 ' 
passing through an oxygen hole Vo is made to be a primary conductive 
carrier. In other words, other than the oxygen ions conductivity between 
► the electrodes is suppressed, enabling a substantial improvement to be 
made in the oxygen ion transport number of the entire laminated solid 
electrolyte composed of the first and second solid electrolyte layers. As a 
result, it is possible to prevent polarization resistance between the 
electrodes caused by the reaction of a formula (f — 2b) or the conduction of an 
» electron/proton. 

However, if the third solid electrolyte layer 6 is too thick, the 
resistance oxygen ion conduction of the entire laminated solid electrolyte to 
is increased and the substantial conductivity of oxygen ions is lowered. It 
is therefore preferred that a thickness of the third solid electrolyte layer 6 
25 should be fixed at such a level as to ensure lower resistance to oxygen ion 
conduction compared at least with the first solid electrolyte layer 2. 

That is, if the resistance of a single first solid electrolyte layer 2 to 
oxygen ion conduction per unit area is Rp(o), and resistance of a single third 
solid electrolyte layer 6 to oxygen ion conduction per unit area is Ra(o), the 
30 formula (f2 — 1) below should preferably be satisfied: 

Rp(o)>Ra(o) ... (£2-1) 

Rp(o) and Ra(o) are represented respectively by the equations below: 
Rp(o) = Lp/ (tpo • op) 
Ra(o) = La/ (tao • oa) 
35 Here, Lp: thickness of first solid electrolyte layer 

op: oxygen ion conductivity of first solid electrolyte layer 
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tpo: oxygen ion transport number of first solid electrolyte layer 
La: thickness of third solid electrolyte layer 
aa: oxygen ion conductivity of third solid electrolyte layer 
tao: oxygen ion transport number of third solid electrolyte layer 
Thus, (£2-1) can be rewritten into the formula (£2-2) below: 
Lp/(tpo • op) > Lc/(tao • aa) ... (£2 - 2) 

Further, to ensure increased output efficiency compared with 
conventional SOFCs (which use only the first solid electrolyte layer), each 
thickness should preferably be adjusted in such a way as to fix the voltage- 
drop for the oxygen ion conduction of electrolytes, which caused by providing 
a third solid electrolyte 6 between a first solid electrolyte2 and a fuel 
electrode4, at a level lower than the OCV (open end voltage) drop caused by 
the suppression of the mixed conduction. 

Here, if Ep(J) , Ea(J) and Eo represent the followings respectively: 
Ep(J) : voltage between electrodes for the SOFC with only 
first solid electrolyte when the load current density J is provided; 

Ea(J) : voltage between electrodes for the SOFC with first 
and third solid electrolytes when the load current density J is provided; 
Eo : theoretical value of OCV for the SOFC 
According to the formula (f- 5), Ep(J) , Ea(J) are expressed by the 
following formula (£2-3), (£2-4) respectively: 

Ep(J)=tpo -EO-J-Lp/(tpo*op) ... (£2-3) 
Ea(J)= tao -EO-J*(Lp/(tpo-op) + La/(tao-aa) )... (£2-4) 
Therefore the formula below should be satisfied: 
Ep(J) < Ea(J) 

tpo • EO - J • Lp/(tpo • op) < tao • EO - J • (Lp/(tpo • op) + La/(tao • oc) ) 

J • (Lp/(tpo • op) + La/(tao • oc) ) - J ■ Lp/(tpo • op) < tao • EO - tpo • EO 

J • La/(tao • oa) < (tao - tpo ) • EO 

Consequently the formula (f2~5) is obtained. 

La<tao-oa • (tao— tpo )*E0 / J ... (£2-5) 

According to the formula (£2 — 5), La which represents the thickness 
of the third solid electrolyte provided between the first solid electrolyte and 
the fuel electrode does not depend on the thickness of the first solid 
electrolyte but depends on the value of J (load current density). Each 
SOFC has own values of J. If the value of J is fixed at the level of J max 
that provides the max output power of the SOFC, the second solid 
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electrolyte exhibits usefulness for improving the output power of the SOFC. 

On the other hand, if the value of the voltage between electrodes is 
lower than the max output power of the SOFC, the value of J in the formula 
(£2 — 5) is less than the Jmax. However, if the thickness of the third solid 
5 electrolyte (La) is fixed at the level to satisfy the formula (£2 — 5), 

improvement of the output power of the SOFC is ensured by adding the 
third solid electrolyte between the first solid electrolyte and the fuel 
electrode. 

The SOFC of the above-described second embodiment can be 
10 fabricated using a method similar to that for the SOFC of the first 

embodiment. Specifically, the first solid electrolyte layer 2 made of LaGa- 
based perovskite solid electrolyte can be formed using the common sintering 
: % method. However, sintering is not the only method that can be used. 

Various other methods including sputtering, CVD, printing, and so on, are 
t 5 possible. The third solid electrolyte layer 6 made of YSZ or the like can 
^ also be formed using various methods including RF sputtering, CVD, 

printing, and so on. Regarding the order of formation, the third solid 
V electrolyte layer 6 may be formed on the solid electrolyte layer 2 made of a 
r<:| perovskite compound. Alternatively, the third solid electrolyte layer 6 may 
lj 0 be formed onto the fuel electrode 4, and then the first solid electrolyte layer 
J (perovskite compound) 2 may be formed thereon. 

h * (Third Embodiment) 

A The SOFC of the third embodiment has a structure where a second 

25 solid electrolyte layer having a low ratio of hole conduction (i.e. hole 

transport number) and high ratio of oxygen ion conduction (i.e. oxygen ion 
transport number) is provided between an air electrode and a solid 
electrolyte, and a third solid electrolyte layer having a low ratio of electron 
and proton conduction (i.e. electron and proton transport numbers) and high 
30 ratio of oxygen ion conduction (i.e. oxygen ion transport number) is provided 
between a fuel electrode and the first solid electrolyte layer. In other words, 
the SOFC of the third embodiment is characterized by the use of a 
laminated solid electrolyte in which the second solid electrolyte layer having 
a small hole transport number and high oxygen ion transport number, the 
35 first perovskite solid electrolyte layer, and the third solid electrolyte layer 
having small electron and proton transport numbers and high oxygen ion 



transport number,are laminated. 

FIG. 4A shows the SOFC of the third embodiment of the present 
invention. As shown in FIG. 4A, the SOFC of the third embodiment 
comprises: a perovskite solid electrolyte layer as a first solid electrolyte 
5 layer 2; an air electrode 3 formed on one side of the first solid electrolyte 
layer 2; a fuel electrode 4 formed on the opposite side thereof; with a second 
solid electrolyte layer 5 having a small hole transport number provided 
between the first solid electrolyte layer 2 and the air electrode 3; and a third 
solid electrode layer 6 having small electron and proton (mainly FT) 
10 transport numbers and provided between the first solid electrolyte layer 2 
and the fuel electrode 4. 
D In the case described here, for the first to third solid electrolyte 

i layers 2, 5 and 6, materials similar to those in the first and second 
j embodiments can be used. Similar or different materials may be used for 
f L5 the second and third solid electrolyte layers 5 and 6. 

Preferably, the operation temperature of the SOFC should be fixed 
e.g. at about 600 °C or lower to enable metallic material to be used as 
peripheral material of the SOFC. At such an operation temperature, as 
shown in FIG. 4B, the presence of the second solid electrolyte layer 5 
! 0 suppresses the movement of holes (h + ) generated between the air electrode 3 
and the solid electrolyte, and the presence of the third solid electrolyte layer 
6 suppresses the movement of an electron and protons (H + ). Hence, mixed 
conductivity of the entire laminated solid electrolyte can be effectively 
prevented. In other words, the oxygen ion transport number of the entire 
25 laminated solid electrolyte is improved. 

However, as described above with reference to the first and second 
embodiments, if the second and third solid electrolyte layers 5 and 6 are too 
thick, the resistance of the entire laminated solid electrolyte to oxygen ion 
conduction is increased and the substantial amount of oxygen ion 
30 conduction is lowered. To obtain higher output efficiency, the oxygen ion 
transport number of the entire laminated solid electrolyte and the amount 
of oxygen ion conduction should preferably be increased. 

It is therefore preferred that the resistance to oxygen ion conduction 
of the entire laminated solid electrolyte composed of the first to third 
35 electrolyte layers is fixed at a level of at least lower than that of a single 
first solid electrolyte layer 2. 
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That is, if the resistance to oxygen ion conduction of a single first 
solid electrolyte layer 2 per unit area is Rp(o), resistance of a single second 
solid electrolyte layer 5 to oxygen ion conduction per unit area is Ra(o), and 
resistance of a single third solid electrolyte layer 6 to oxygen ion conduction 
per unit area is Ra(o), the formula (f3 " 1) below should preferably be 
satisfied: 

Rp(o) > Rc(o) + Ra(o) ... (f3 - 1) 

Rp(o) and Ra(o) are represented respectively by the equations below: 
Rp(o) = Lp/ (tpo • op) 
Rc(o) = Lc/ (tco • oc) 
Ra(o) = La/ (tao • oa) 
Here, Lp: thickness of first solid electrolyte layer 

op: oxygen ion conductivity of first solid electrolyte layer 
tpo: oxygen ion transport number of first solid electrolyte layer 
Lc: thickness of second solid electrolyte layer 
oc: oxygen ion conductivity of second solid electrolyte layer 
tco: oxygen ion transport number of second solid electrolyte layer 
La: thickness of third solid electrolyte layer 
aa: oxygen ion conductivity of third solid electrolyte layer 
tao: oxygen ion transport number of third solid electrolyte layer 
Thus, (f3 — 1) can be rewritten into the formula (f3~2) below: 

Lp/(tpo • op) > Lc/ (tco • oc) + La/(tao • oa) ... (f 3 — 2) 
Further, to ensure increased output efficiency compared with 
conventional SOFCs (which use only the first solid electrolyte layer), each 
thickness should preferably be adjusted in such a way as to fix the voltage- 
drop for the oxygen ion conduction of electrolytes, which caused by providing 
a second solid electrolyte between a first solid electrolyte and an air 
electrode and the third solid electrolyte between the first solid electrolyte 
and a fuel electrode, at a level lower than the OCV-drop caused by the 
suppression of the mixed conduction. 

Here, if Ep(J) , Ec+a(J) and Eo represent the followings respectively: 
Ep(J) : voltage between electrodes for the SOFC with only 
first solid electrolyte when the load current density J is provided; 

Ec+a(J) : voltage between electrodes for the SOFC with 
first ,second and third solid electrolytes when the load current density J is 
provided; 



15 



Eo : theoretical value of OCV for the SOFC 
According to the formula (f— 5), Ep(J) , Ec+a(J) are expressed by the 
following formula (f3 — 3), (f3 — 4) respectively: 

Ep(J)=tpo -E0-J-Lp/(tpo-op)... (f3-3) 
Ec+a(J)= tcao • EO — J • (Lp/(tpo • op) + Lc/(tco • ac) + La/(tao * aa) ) . . . (f3 - 4) 
Here, tcao represents the oxygen ion transport number value which 
is smaller of tco or tao. 

Therefore the formula below should be satisfied: 
Ep(J) < Ec+a(J) 

tpo * EO - J * Lp/(tpo • op) < tcao * E0™ J • (Lp/(tpo • op) + Lc/(tco • ac) + La/(tao • aa) ) 
tcao • EO— tpo • EO > J * (Lp/(tpo • op) + Lc/(tco • ac) + La/(tao • aa) ) — J • Lp/(tpo * op) 
Consequently the formula (f3 — 5) is obtained, 
(tcao - tpo ) • EO > J • ( Lc/(tco • ac) + La/(tao • aa)) . . . (£3 - 5) 
According to the formula (f3 — 5), the thickness of respective the 
second and the third solid electrolytes do not depend on the thickness of the 
first solid electrolyte but depends on the value of J ( load current density). 
Each SOFC has own values of J. If the value of J is fixed at the level of 
Jmax that provides the max output power of the SOFC, the second and third 
solid electrolytes exhibit usefulness for improving the output power of the 
SOFC. On the other hand, if the value of the voltage between electrodes is 
lower than the max output power of the SOFC, the value of J in the formula 
(f3~ 5) is less than Jmax. However, if the thickness of the second and third 
solid electrolytes (Lc, La) are fixed respectively at the level to satisfy the 
formula (f3 — 5), improvement of the output power of the SOFC is ensured by 
adding the second and third solid electrolytes. 

The SOFC of the above-described third embodiment can be 
fabricated using a method similar to that for each of the first and second 
embodiments. Specifically, the first solid electrolyte layer 2 made of LaGa- 
based perovskite solid electrolyte can be formed using the common sintering 
method. However, sintering is not the only method that can be used. 
Various other methods including sputtering, CVD, printing, and so on, are 
possible. Also, the second and third solid electrolyte layers 5 and 6 made of 
YSZ or the like can be formed using various methods including KF 
sputtering, CVD, printing, and so on. Regarding the order of formation, 
the first perovskite solid electrolyte layer 2 may be formed first, and then 
the second and third solid electrolyte layers 5 and 6 may be formed 



16 



respectively on either surface. Alternatively, the air electrode 3 may be 
formed first, and then the second solid electrolyte layer 5, the first solid 
electrolyte (perovskite solid electrolyte) layer 2, and the third solid 
electrolyte layer 6 may be laminated onto the air electrode 3 in this order. 
Then again, the third solid electrolyte layer 6, the first electrolyte layer 2, 
and the second solid electrolyte layer 5 may be formed onto the fuel 
electrode 4 in this order. 

EXAMPLES 
(Example la) 

An SOFC corresponding to the first embodiment shown in FIG. 1A 
was fabricated. Specifically the SOFC was fabricated comprising a second 
solid electrolyte layer made of yttria stabilized zirconia (YSZ) provided 
between a first perovskite solid electrolyte layer and an air electrode. 

First, using a sintering method, a first solid electrolyte layer made of 
perovskite solid electrolyte (La a75 Nd 0 15 Sr 0 x Ga 0 8 Mg 0 . 2 0 3 . d ) having a diameter 
of about 15 mmc|> and a thickness of about 1 mm was formed. Then, a YSZ 
layer as a second solid electrolyte layer was formed onto one surface of the 
first solid electrolyte layer using an RF sputtering method. The thickness 
of the YSZ layer was fixed at a level so as to satisfy the condition of the 
formula (fl~ 6) of the first embodiment. 

An air electrode and a fuel electrode composed of Pt/Ag electrodes 
were formed respectively on the surface of the second solid electrolyte YSZ 
layer, and on the surface of the perovskite solid electrolyte having no YSZ 
layer formed thereon. 

Then, the measurement of oxygen ion conductivity a[S/cm] occurred 
and the oxygen ion transport number TOi[%] of the entire laminated solid 
electrolyte composed of the foregoing layers was formed. For the oxygen 
ion conductivity resistance between the air electrode and the fuel electrode 
was measured at 600 °C in atmosphere, and an inverse number thereof was 
fixed as oxygen ion conductivity. For electric conduction in the laminated 
solid electrolyte, it was assumed that oxygen ion conductivity was 100 % at 
600 °C in atmosphere. For the oxygen ion transport number, the 
temperature was increased to 600 °C while supplying Ar gas to the fuel 
electrode and air electrode sides after the flow of Ar gas was stopped, 
humidified hydrogen was supplied to the fuel electrode side, and air was 
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supplied to the air electrode side, and then the electrodes were left for 30 
mins, and natural potential therebetween was measured. The percentage 
of the measured value of the natural potential with respect to a theoretical 
natural potential was set as the oxygen ion transport number. 

According to the results of the measurement, the presence of the 
second solid electrolyte layer composed of a YSZ layer (having an oxygen ion 
transport number of 99 % or higher) between the first perovskite solid 
electrolyte layer and the air electrode slightly lowered the oxygen ion 
conductivity of the entire electrolyte. However, the oxygen ion transport 
number was improved by the suppression of hole conduction. Table 1 
shows the result of the measurements. 
(Example lb) 

A first perovskite solid electrolyte layer, La ag Sm ai Ba 0!l Ga a8 Mg a2 O 3 _ d 
was formed, but otherwise the SOFC was fabricated under the same 
conditions as those in example la. The oxygen ion conductivity of the 
entire laminated solid electrolyte was slightly lowered. However, the 
oxygen ion transport number was improved by the suppression of hole 
conduction. Table 1 shows the results of the measurement. 
(Example 2a) 

An SOFC corresponding to the first embodiment shown in FIG. 1A 
was fabricated. The SOFC in this example further comprises a second solid 
electrolyte layer made of Sm 2 0 3 -added ceria oxide (SDC), provided between 
the first perovskite solid electrolyte layer and the air electrode. Using a 
sintering method, a perovskite solid electrolyte layer 

(La 075 Nd 0 15 Sr 0 2 Ga 0 8 Mg 0 2 O 3 . d ) was formed. Then, a second solid electrolyte 
layer made of SDC was formed onto one surface of the first solid electrolyte 
layer made of the perovskite compound using a screen printing method. In 
this case, the thickness of the SDC layer was fixed at a level so as to satisfy 
the condition of the formula (fl — 6) of the first embodiment. 

Pt/Ag electrodes were formed on the SDC surface and on the surface 
of the perovskite solid electrolyte layer. Then, measurements for oxygen 
ion conductivity a[S/cml were performed and the oxygen ion transport 
number TOi[%] the an entire laminated solid electrolyte layer composed of 
the foregoing layers was formed. The method of measurement used was 
similar to that in example la. According to the result of the measurement, 
the presence of the SDC layer (having low hole conductivity ) between the 
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first solid electrolyte layer and the air electrode slightly lowered the oxygen 
ion conductivity of the entire laminated solid electrolyte. However, the 
oxygen ion transport number was improved by the suppression hole 
conduction. Table 1 shows the results of the measurements. 
(Example 2b) 

A first perovskite solid electrolyte layer, La a8 Sm 0J Ba 0>1 Ga 0>8 Mg 0 _2O 3 . d 
was formed, but otherwise the SOFC was fabricated under the same 
conditions as those for the example 2a. The oxygen ion conductivity of the 
entire laminated solid electrolyte was slightly lowered. However, the 
oxygen ion transport number was improved by the suppression of hole 
conduction. Table 1 shows the result of the measurements. 
(Example 3a) 

An SOFC corresponding to the second embodiment shown in FIG. 
3A was fabricated. The SOFC in this example 3a comprises a third solid 
electrolyte layer made of YSZ, provided between the first perovskite solid 
electrolyte layer and the fuel electrode. 

Using a sintering method, a perovskite solid electrolyte 
(La 0 75 Nd 0 15 Sr 0 jGao 8 Mg 0 2 0 3 . d ) was formed. Then, a YSZ layer was formed 
on one surface of the solid electrolyte layer made of the perovskite 
compound using an RF sputtering method. The thickness of the YSZ layer 
was fixed at a level to satisfy the condition of the formula (£2 — 6) of the 
second embodiment. 

Pt/Ag electrodes were formed on the YSZ surface and on the surface 
of the perovskite solid electrolyte. Then, measurements for oxygen ion 
conductivity a[S/cm] were taken and the oxygen ion transport number 
TOi[%] of the entire laminated solid electrolyte composed of the foregoing 
was formed. The method of measuring oxygen ion conductivity and an 
oxygen ion transport number was similar to that in example la. 

According to the result of the measurement, the presence of the YSZ 
layer (having an oxygen ion transport number of 99 % or higher) between 
the first solid electrolyte layer and the fuel electrode slightly lowered the 
oxygen ion conductivity of the entire laminated solid electrolyte. However, 
the oxygen ion transport number was improved by the suppression of 
electron and proton conduction. Table 1 shows the results of the 
measurements. 
(Example 3b) 
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A first perovskite solid electrolyte layer, La 0i8 Sm ai Ba ai Ga 0>8 Mg a2 O 3 . d 
was formed, but otherwise the SOFC was fabricated under the same 
conditions as those for example 3a. The oxygen ion conductivity of the 
entire laminated solid electrolyte was slightly lowered. However, the 
5 oxygen ion transport number was improved by the suppression of hole 
conduction. Table 1 shows the results of the measurements. 
(Example 4a) 

An SOFC corresponding to the third embodiment shown in FIG. 4A 
was fabricated. The SOFC of the Example 4a comprises: a second solid 
10 electrolyte layer made of YSZ, provided between the first solid electrolyte 
layer made of a perovskite compound and the air electrode; and the third 
solid electrolyte layer made of YSZ, provided between the first solid 
electrolyte layer and the fuel electrode. 

Using a sintering method, the first solid electrolyte layer made of a 
6 perovskite compound (La 075 Nd 0 . 15 Sr 0 .iGa 0i8 Mg 0t2 O 3 . d ) was formed. Then, a 
^ YSZ layer was formed on both surfaces of the first solid electrolyte layer 

made of the perovskite compound by using a screen printing method. The 
* thickness of the YSZ layer was fixed at a level so as to satisfy the conditions 
Q of the formula (f3 — 7) of the third embodiment. 

*"; a ) Pt/Ag electrodes 3 and 4 were formed on the surfaces of both YSZ 

I j layers. Then, measurements for oxygen ion conductivity a[S/cm] were 
O performed and the oxygen ion transport number TOi[%] was formed. The 
^ method of measuring oxygen ion conductivity and finding oxygen ion 
transport number used here was similar to that in example la. 
25 According to the results of the measurements, the presence of the 

YSZ layers (having oxygen ion transport numbers of 99 % or higher) 
between the first solid electrolyte layer and the air electrode, and between 
the first solid electrolyte layer and the fuel electrode slightly lowered the 
oxygen ion conductivity of the entire laminated solid electrolyte. However, 
30 the oxygen ion transport number was improved by the suppression of hole, 
electron and proton conduction. Table 1 shows the results of the 
measurements. 
(Example 4b) 

A first perovskite solid electrolyte layer, La 0>8 Sm 0il Ba 0il Ga 0i8 Mg 0i2 O 3 . d 
35 was formed, but otherwise the SOFC was fabricated under the same 

conditions as those for example 4a. The oxygen ion conductivity of the 
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entire laminated solid electrolyte was slightly lowered. However, the 
oxygen ion transport number was improved by the suppression of hole, 
electron and proton conduction. Table 1 shows the results of the 
measurements. 
(Example 5a) 

An SOFC corresponding to the third embodiment, as shown in FIG. 
4A was fabricated. The SOFC of the Example 5a comprises: a second solid 
electrolyte layer made of SDC, provided between the first solid electrolyte 
layer made of a perovskite compound and the air electrode; and a third solid 
electrolyte layer made of YSZ, which is provided between the first solid 
electrolyte layer and the fuel electrode. 

Using a sintering method, a first perovskite solid electrolyte layer 
(La 0t75 Nd 0J5 Sr 01 Ga a8 Mg a2 O3. d . d ) was formed. An SDC layer was formed on 
one surface of the first solid electrolyte layer using a screen printing method. 
A YSZ layer was formed on the other surface of the solid electrolyte layer 
made of the perovskite compound using an RF sputtering method. The 
thickness of each of the SDC and YSZ layers was set so as to satisfy the 
conditions of the formula (f3 - 7) of the third embodiment. Pt/Ag electrodes 
3 and 4 were respectively formed on the surfaces of the SDC and YSZ layers. 

Then, measurement, for oxygen ion conductivity a[S/cm] were 
performed and the oxygen ion transport number TOi[%] of the entire 
laminated solid electrolyte composed of the above layers were formed. The 
method of measuring oxygen ion conductivity and finding the oxygen ion 
transport number used here was similar to that in example la. 

According to the results of the measurement, the presence of the 
second solid electrode layer made of SDC (having low hole conductivity) 
between the first solid electrolyte layer and the air electrode, and the 
presence of the third solid electrolyte layer made of YSZ (having an oxygen 
ion transport number of 99 % or higher) between the first solid electrolyte 
layer and the fuel electrode, slightly lowered the oxygen ion conductivity of 
the entire laminated solid electrolyte. However, the oxygen ion transport 
number was improved by the suppression of hole, electron and proton 
conduction. Table 1 shows the results of the measurements. 
(Example 5b) 

A perovskite solid electrolyte layer, La 0 8 Sm 0 1 Ba 01 Ga 0 8 Mg 0 2 O 3 . d was 
formed, but otherwise the SOFC was fabricated under the same conditions 
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as those in example 5a. The oxygen ion conductivity of the entire 
laminated solid electrolyte was formed to be slightly lowered. However, the 
oxygen ion transport number was improved by the suppression of hole, 
electron and proton conduction. Table 1 shows the results of the 
measurements. 
(Comparative Example) 

As in conventional SOFC production, the inventors fabricated an 
SOFC using only the solid electrolyte layer made of a perovskite compound. 
In other words, the SOFC of the Comparative Example had no other solid 
electrolyte between the solid electrolyte and air electrode, or fuel electrode. 
Measurements for the oxygen ion conductivity were performed and the 
oxygen ion transport number of the solid electrolyte layer made of the 
perovskite compound was formed. Table 1 shows the results of the 
measurements. 

As explained above, since the SOFC using the perovskite solid 
electrolyte of the present invention has a large oxygen ion transport number 
under low-temperature operations conditions, the output efficiency of the 
SOFC is improved. Moreover, by adjusting the thickness of each of the first 
to third solid electrolyte layers, increases in the resistance of the solid 
electrolyte are avoided, making it possible to further improve the output 
efficiency of the SOFC. 

The entire contents of Japanese Patent Applications P 2000-202262 
(jfiled July 4, 2000) and P 2001-184558 (filed June 19, 2001)are incorporated 
herein by reference. 

Although the inventions have been described above by reference to 
certain embodiments of the inventions, the inventions are not limited to the 
embodiments described above. Modifications and variations of the 
embodiments described above will occur to those skilled in the art, in light of 
the above teachings. For example, the solid electrolyte layer is not limited 
to a plate-like shape and may be cylindrical. Where a plate-like shape is 
used, the sectional shape thereof may be either circular or rectangular. 
Further, each of the first to third solid electrolyte layers are not limited to 
being single layers, and may be plural of layers. 

The scope of the inventions is defined with reference to the following 

claims. 
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